Fourier transform of the entire bright-field image showing the same hexagonal lattice as in (ii). c, Atomic ratio of Ca to Cl as a function of the etching time measured by XPS during etching by argon ion for a sample of dried rGO membrane with Ca and Cl. The dried membrane was obtained by first incubating in 5.0 M CaCl2 solutions overnight and then centrifuging to remove the free solution and drying at 70 °C for 4 hours. d, One stable structure of CaCl crystal modules adsorbed on graphene sheet from theoretical computations. Ca, Cl and C atoms are in blue, green and brown, respectively. e, Electrical resistivity measured by using the multimeter with two electrodes connecting with the up and down surfaces of the dried rGO and GO membranes, respectively.
The 2D Ca-Cl crystals are obtained by soaking rGO membranes in CaCl2 solution below the saturated concentration under ambient conditions. Freestanding rGO membranes 1, 10, 11 were prepared from an rGO suspension via the drop-casting method as described in ref. conditions. This concentration is ~ 75% of the saturation concentration for CaCl2 solution at 20 °C. The membranes with salt solution were then split into small pieces and analyzed by cryo-electron microscopy (cryo-EM) 12, 13 . During sample preparation process, environmental parameters were set at 20°C with 100% humidity, which could keep a thin film of solution with original salt concentration coating rGO membranes due to flash-freezing procedure, as demonstrated by many other cryo-EM studies on biological macromolecules and inorganic complexes [14] [15] [16] (Fig. 1a) . As a result, at the edge of the rGO membrane relatively thin (few layers of rGO sheets) membranes coated by thin amorphous ice could be found (Fig. S1 ).
Within several such regions, stable single-crystal diffraction patterns could be observed directly even after rather high electron dose exposure, which made amorphous ice at the top melt and moving (Movie S1). Typical high-resolution cryo-EM images of such crystals in rGO membranes are shown in Fig. 1b . These high-contrast images ( In order to explore the elemental composition of these crystals, we used X-ray photoelectron spectroscopy (XPS) (see PS1 of SI) to measure the atomic ratio of Ca to Cl in dried rGO membranes with Ca and Cl. The dried membrane with Ca and Cl was obtained by first incubating in 5.0 M CaCl2 solutions overnight and then centrifuging to remove free solution and drying at 70 °C for 4 hours. By etching with argon ions, the depth profile shows that the Ca:Cl ratios vary from a value below 0.6:1 at the membrane top surface to a stable ~1.2:1 in inner sheets (Fig. 1c) . The membrane surface may have regular CaCl2 due to evaporation of adsorbing salt solution, but at inner sheets there are mainly Ca-Cl crystals with a stable Ca:Cl ratio of ~1:1. The existence of elemental ratio of Ca to Cl close to 0.5:1 was further confirmed by conventional (non-cryogenic) TEM EDS analysis (see PS1 and PS4 of SI). We note that the same CaCl crystals as shown in Fig. 1b were also observed by conventional TEM in those dried samples (Fig. S5 ).
Now we discuss the possible structures of the crystals. Using density-functional theory (DFT) 18, 19 (see PS1 and PS5 of SI), we obtained a stable structure with a Ca:Cl ratio of 1:1, which could be denoted as CaCl (Figs. 1d and S10a, Model I). In this structure, the Ca occupies a plane parallel to the graphene sheet and is located in the center of nonadjacent aromatic rings. Each Ca is surrounded by three Cl with a horizontal distance equals to twice the C-C bond length in graphene, consistent with the crystal structure revealed by cryo-EM observations (Fig. S11a) . Difference charge density analyses (Fig. S12) (Table S2) .
Such charge transfer helps to stabilize the structure of CaCl on graphene sheet. DFT computations have also shown that there is stable 2D crystal structure between two graphene sheets with an appropriate distance (Model II), while this structure has the same Ca:Cl ratio and projection of crystal structure in graphene plane as Model I ( These CaCl crystals with unusual electronic structure of monovalent (i.e. +1) calcium ions emerge revolutionary new properties for the crystals with calcium ions, such as metallicity. The projected electronic band structure and density of states (DOS) of Model I shows that CaCl crystals have distinct metallicity in which Ca plays a dominant role (Fig. 2a) . The complexes of graphene with CaCl crystals also has strong metallicity, and that Ca and Cl together contribute ~37.7% of the total electronic states near the Fermi level, indicating that CaCl crystals are also metallic in this system (Fig.  2b) . More remarkably, compared with pure 2D graphene and the 2D CaCl, this system shows greatly enhanced electrical conductivity along the horizontal and vertical directions (Figs. S13, S14 and Table S4 ). To confirm the abnormal valence state change, the Ca-Cl crystals in dried rGO membranes were analyzed by soft X-ray absorption spectroscopy (near-edge X-ray absorption fine structure spectra, NEXAFS). Fig. 3 and Fig. S19 show that, in addition to the peak of Ca L2,3-edge for regular CaCl2 at 347.80 eV, there is a new Ca L2,3-edge peak at 348.00 eV. DFT computations of the Ca 2p core excitation energies of Ca-Cl crystals show that the new Ca L2,3-edge peak is from the CaCl crystal of Model I (Fig.   3 , see PS1 and PS6 of SI). This indicates that that there is valence electron change of the Ca ion from Ca 2+ to Ca + in these crystals.
Metallic properties of Ca-Cl crystals in rGO membranes have also been confirmed experimentally by measuring the electrical resistivity (see PS1 and PS8 of SI). Fig. 1e shows that the resistivities of pure rGO membranes and dried rGO membranes with CaCl crystals are both less than ~ 4.0 ×10 -2 MΩ·cm, indicating their good conductivity.
We note that our result on rGO membranes is consistent with metallic properties reported in the literature 21 . In contrast, for dried GO membranes with high resistivity, the average resistivity of dried GO membranes containing Ca-Cl crystals was reduced at least one order of magnitude (Fig. 1e) . The electrical conductivities of the metallicity of Ca-Cl crystals have been further demonstrated by using conductive atomic force microscopy (AFM) on the graphene sheets (see PS1 and PS8 of SI). show, under ambient conditions, Cu-Cl crystals with +1 copper ions of long life time, which can stably exist for several days (see PS7 of SI). This would help to overcome the difficulty of the short life time in the application as catalyzers for the +1 copper ion 30 . Further, considering the wide distribution of metallic cations and carbon on earth, such nanoscale "special" compounds with previously unrecognized properties may be ubiquitous in nature.
